InGaN-based light-emitting diodes ͑LEDs͒ exhibit a significant efficiency loss ͑droop͒ when operating at high injected carrier densities, the origin of which remains an open issue. Using atomistic first-principles calculations, we show that this efficiency droop is caused by indirect Auger recombination, mediated by electron-phonon coupling and alloy scattering. By identifying the origin of the droop, our results provide a guide to addressing the efficiency issues in nitride LEDs and the development of efficient solid-state lighting.
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3 ͒, where An, Bn 2 , and Cn 3 are the Shockley-ReadHall, radiative, and Auger terms, respectively. In the Auger process ͓Fig. 1͑a͔͒ an electron and a hole recombine nonradiatively and transfer their excess energy to a third carrier. The Auger rate scales with the third power of the carrier density and, therefore, suppresses the efficiency of the device at high injection rates. AR was proposed as the origin of the droop based on the results of photoluminescence experiments, 4 which generate carriers optically in the activelayer and avoid carrier injection effects. However, theoretical studies of the direct intraband AR process 10 found values of the Auger coefficient ͑C͒ that were too small to account for the experimental results. Subsequent calculations pointed out the role of direct interband transitions to the second conduction band, 5 but this specific process is only important for certain indium mole fractions and cannot explain the droop observed in a wide range of alloy compositions.
Another process of potential importance is indirect AR ͑IAR͒ ͓Fig. 1͑b͔͒. IAR is mediated by a scattering mechanism, which provides additional momentum and enables Auger transitions to a broader range of final states. IAR is often ignored, because it is usually small compared to direct AR. However, as we will demonstrate here, IAR processes are important in the nitrides and account for the efficiency droop in nitride LEDs. One scattering mechanism that assists IAR is the electron-phonon interaction, which is particularly strong in the nitrides. 11 Another scattering channel is introduced in the active InGaN layers by the alloy-induced symmetry reduction. Finally, charged defects may also scatter carriers and cause AR. Phonon-and alloy-assisted Auger processes are strong and cumulatively account for a sizeable Auger coefficient ͓Fig. 2͑a͔͒. The coefficients increase for smaller band gaps, thus, IAR is more important for green devices, contributing to the "green gap" problem for higher In mole fractions ͓Fig. 2͑b͔͒. On the other hand, chargeddefect-assisted AR is not important in nitride devices. The corresponding Auger coefficients become significant only for very high defect concentrations ͑of the order of 3 ϫ 10 20 cm −3 of singly charged defects͒ that are not found in actual devices.
First-principles calculations were performed based on density functional theory in the local-density approximation and the plane-wave pseudopotential method. 12 Scissors shifts were used for the band gap corrections. The screened Coulomb matrix elements 13 were calculated using ab initio wave functions and a model dielectric function.
14 For the alloyassisted AR process, calculations were performed for the 25% special quasirandom alloy structure 15 and interpolated using the dependence of the alloy scattering potential on the alloy composition ͓V 2 ϰ x͑1−x͔͒. The phonon-assisted Auger coefficient was determined for GaN using second-order Fermi's golden rule. Due to the large number of initial and final states involved, the phonon-assisted calculation is very challenging to perform on modern computers. However, in the limit of low carrier density and low temperature the carriers are confined in momentum space to the vicinity of the band extrema. We can, therefore, approximate all initial-state a͒ Electronic mail: kioup@engineering.ucsb.edu.
FIG. 1. ͑Color online͒ ͑a͒ Schematic diagram of the direct AR process. ͑b͒
In the indirect Auger case, the recombination process is assisted by a scattering mechanism, such as the electron-phonon coupling, alloy disorder, or Coulomb scattering by charged defects.
wave functions by those at the ⌫-point. For the chargeddefect-assisted Auger coefficient we used the GaN parameters and a screened Coulomb scattering potential.
14 For the radiative ͑B͒ coefficients we used the Wannier method 16 to interpolate the energies and optical matrix elements in the free-carrier-occupied part of the Brillouin zone ͑BZ͒.
We shall focus first on IAR mediated by alloy scattering in the active region. The introduction of In atoms into GaN locally breaks the crystal symmetry ͑due to the effects of substitution and lattice relaxation͒ and, in addition to direct AR, enables IAR processes to final states throughout the entire BZ. Viewed from a different perspective, indium atom incorporation folds the band structure and introduces bands in the 1.6-3.3 eV energy range above or below the band extrema that act as final states for direct AR processes. Earlier calculations of the Auger coefficient in InGaN ͑Refs. 5 and 10͒ used the virtual crystal approximation ͑i.e., an interpolation between the pure phases͒ to model the alloy band structure. Such an approximation, however, ignores details of atomistic disorder and precludes alloy scattering. In contrast, our results show that alloy scattering effects are important and substantially enhance the Auger coefficient in InGaN alloys. Alloy scattering increases as a function of In mole fraction and is more important for longer-wavelength devices ͓Fig. 2͑b͔͒. The Auger coefficient of the alloy is a smooth function of the InGaN band gap and does not exhibit the sharp resonance peak that was found in earlier work. 5 The components of the Auger coefficient resulting from alloy scattering depend on temperature and carrier density, as shown in Fig. 3 . This is in part due to phase-space filling, 17 i.e., the deviation from the n 3 scaling of the AR rate as carrier statistics transition from the Boltzmann to the Fermi regime at high carrier densities. Another factor is the change in occupation numbers of the heavy, light, and crystal field bands as the hole density increases.
Next, we address phonon-assisted IAR. The ionic nature of the nitrides results in strong carrier-phonon coupling that enhances AR. The phonon-assisted Auger coefficient increases with temperature ͓Figs. 4͑a͒ and 4͑b͔͒ because it depends on the phonon occupation numbers. At room temperature, phonon-absorption-assisted AR processes contribute substantially to the total Auger coefficient ͑15%-18%͒. We note that phonon-assisted AR is always possible and occurs even at very low temperatures, 6, 7 because carrier scattering by phonon-emission processes does not require a thermal population of phonons.
It is illuminating to consider the contributions of different vibrational modes to phonon-assisted AR. The longitudinal optical ͑LO͒ modes are expected to dominate electronphonon coupling in these polar materials. Contrary to that, we found that the LO modes amount only to a fraction of the total Auger coefficient ͓Figs. 4͑c͒ and 4͑d͔͒, while the acoustic and other optical modes contribute significantly. This is because the phonon-assisted AR process for band gaps in the e-e-h, T=300K e-e-h, T=600K h-h-e, T=300K h-h-e, T=600K   FIG. 3 . ͑Color online͒ The calculated alloy-assisted Auger coefficients for the electron-electron-hole ͑e-e-h͒ and hole-hole-electron ͑h-h-e͒ processes. The lines are fits to the data. . 4 . ͑Color online͒ ͓͑a͒ and ͑b͔͒ Phonon-assisted Auger coefficient for GaN and InGaN as a function of the band gap and lattice temperature, for ͑a͒ the electron-electron-hole ͑e-e-h͒ and ͑b͒ hole-hole-electron ͑h-h-e͒ processes. ͓͑c͒ and ͑d͔͒ Contribution of the various phonon modes ͓LO ͑squares͒, acoustic ͑diamonds͒, and other optical ͑triangles͔͒ to the ͑c͒ e-e-h and ͑d͒ h-h-e phonon-assisted Auger processes at 300 K.
visible range ͑1.6-3.3 eV͒ is mediated by scattering with phonons of momenta that are comparable to the dimensions of the BZ. In real space these electron-phonon scattering events have a short wavelength-of the order of the lattice constant. In contrast to the long-wavelength limit, where the LO modes dominate, 11 at such short wavelengths all vibrational modes are important. We note that these short-range effects are not significantly affected by quantum confinement, indicating that the results of our analysis for bulk materials also apply to quantum wells. Our analysis also illustrates that a treatment of the phonon-assisted AR process in the nitrides based on k · p theory and the Fröhlich model 18 misses major contributions to the phonon-assisted Auger coefficient, because these approximations are valid only for small crystal momenta ͑near the center of the BZ͒ and only couple carriers to the LO phonon modes. In contrast, we show that the dominant phonon-assisted IAR processes occur at short wavelengths, i.e., large crystal momenta, and that the first-principles approach is required for an accurate determination of the Auger coefficient.
The cumulative effect of these contributions to the Auger coefficient amounts to a sizeable value that agrees with experiment and can explain the efficiency droop in LEDs. The total Auger coefficient, as well as each of its components, are plotted as a function of band gap in Fig. 2͑a͒ , for a temperature of 300 K and carrier densities of 10 19 cm −3 . The calculated Auger coefficients, along with calculated values for the radiative ͑B͒ coefficient ͑4.3-5.0ϫ 10 −11 cm 3 s −1 ͒ and a typical value for A͑5 ϫ 10 7 s −1 ͒, 4 are used to plot the theoretical internal quantum efficiency curves as a function of carrier density and indium mole fraction in Fig. 2͑b͒ . Droop is present even for GaN and is more pronounced for higher indium mole fractions ͑longer emission wavelengths͒, because the Auger coefficient increases, whereas the radiative coefficient decreases for smaller band gaps. 19 The band gap dependence of the B and C coefficients thus contributes to the "green-gap" problem, although it is likely not the only determining factor.
In conclusion, we have shown that AR in nitride light emitters occurs via indirect processes, assisted by electronphonon coupling and alloy scattering. The calculated Auger coefficients are in good agreement with experimentally measured values, validating the Auger hypothesis as the origin of the droop in nitride LEDs. This knowledge is the first step to addressing the efficiency loss and the engineering of highpower and high-efficiency nitride light emitters.
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